Suppression of the hypothalamic-pituitary-adrenal (HPA) axis has been shown to occur during cholestatic liver injury. Furthermore, we have demonstrated that in a model of cholestasis, serum bile acids gain entry into the brain via a leaky blood brain barrier and that hypothalamic bile acid content is increased. Therefore, the aim of the current study was to determine the effects of bile acid signaling on the HPA axis. The data presented show that HPA axis suppression during cholestatic liver injury, specifically circulating corticosterone levels and hypothalamic corticotropin releasing hormone (CRH) expression, can be attenuated by administration of the bile acid sequestrant cholestyramine. Secondly, treatment of hypothalamic neurons with various bile acids suppressed CRH expression and secretion in vitro. However, in vivo HPA axis suppression was only evident after the central injection of the bile acids taurocholic acid or glycochenodeoxycholic acid but not the other bile acids studied. Furthermore, we demonstrate that taurocholic acid and glycochenodeoxycholic acid are exerting their effects on hypothalamic CRH expression after their uptake through the apical sodium-dependent bile acid transporter and subsequent activation of the glucocorticoid receptor. Taken together with previous studies, our data support the hypothesis that during cholestatic liver injury, bile acids gain entry into the brain, are transported into neurons through the apical sodium-dependent bile acid transporter and can activate the glucocorticoid receptor to suppress the HPA axis. These data also lend themselves to the broader hypothesis that bile acids may act as central modulators of hypothalamic peptides that may be altered during liver disease. (Molecular Endocrinology 29: 1720 -1730, 2015) T he hypothalamic-pituitary-adrenal (HPA) axis describes a complex set of positive and negative feedback influences between the hypothalamus, pituitary gland, and adrenal gland (1). These positive and negative feedback mechanisms work in a neuroendocrine manner in order to modulate a number of physiological processes such as immunity (2), digestion (3), and the body's response to stress (3).
Suppression of the hypothalamic-pituitary-adrenal (HPA) axis has been shown to occur during cholestatic liver injury. Furthermore, we have demonstrated that in a model of cholestasis, serum bile acids gain entry into the brain via a leaky blood brain barrier and that hypothalamic bile acid content is increased. Therefore, the aim of the current study was to determine the effects of bile acid signaling on the HPA axis. The data presented show that HPA axis suppression during cholestatic liver injury, specifically circulating corticosterone levels and hypothalamic corticotropin releasing hormone (CRH) expression, can be attenuated by administration of the bile acid sequestrant cholestyramine. Secondly, treatment of hypothalamic neurons with various bile acids suppressed CRH expression and secretion in vitro. However, in vivo HPA axis suppression was only evident after the central injection of the bile acids taurocholic acid or glycochenodeoxycholic acid but not the other bile acids studied. Furthermore, we demonstrate that taurocholic acid and glycochenodeoxycholic acid are exerting their effects on hypothalamic CRH expression after their uptake through the apical sodium-dependent bile acid transporter and subsequent activation of the glucocorticoid receptor. Taken together with previous studies, our data support the hypothesis that during cholestatic liver injury, bile acids gain entry into the brain, are transported into neurons through the apical sodium-dependent bile acid transporter and can activate the glucocorticoid receptor to suppress the HPA axis. These data also lend themselves to the broader hypothesis that bile acids may act as central modulators of hypothalamic peptides that may be altered during liver disease. T he hypothalamic-pituitary-adrenal (HPA) axis describes a complex set of positive and negative feedback influences between the hypothalamus, pituitary gland, and adrenal gland (1) . These positive and negative feedback mechanisms work in a neuroendocrine manner in order to modulate a number of physiological processes such as immunity (2) , digestion (3) , and the body's response to stress (3) .
The mechanism by which the HPA axis remains in homeostasis depends widely on the release and uptake of several key regulatory molecules. The hypothalamus contains neuroendocrine neurons that secrete corticotropin releasing hormone (CRH). CRH will, in turn, act on the pituitary gland to stimulate the production and release of adrenocorticotropic hormone (ACTH) (4) into the circulation. Circulating ACTH then induces the adrenal gland to synthesize and release corticosteroids such as cortisol and corticosterone. These circulating corticosteroids modulate the vast array of physiological processes influenced by the HPA axis and are also responsible for initiating a negative feedback loop on the HPA axis via activation of the glucocorticoid receptor (GR) in the brain in order to shut down corticosteroid production. Activation of the GR in the hypothalamus has 2 major effects on hypothalamic CRH activity: a fast response, which involves the inhibition of CRH release from the hypothalamus, and a delayed response, which involves the inhibition of CRH synthesis and subsequent release (5) .
Suppression of the HPA axis has been associated with cholestatic liver injury (6 -8) . The link between cholestasis and the HPA axis has been demonstrated clinically, with cholestatic patients often exhibiting clinical features suggestive of adrenal insufficiency such as hypovolemia, hypotension, and renal failure (9, 10) . Furthermore, patients with congenital hypopituitarism or glucocorticoid deficiency often exhibit cholestatic hepatitis (11) (12) (13) . In cirrhosis, adrenal insufficiency is associated with increased mortality and hemodynamic impairment (14, 15) . Treatment with low doses of hydrocortisone to cirrhotic patients resolves the hemodynamic impairment and is associated with a higher survival rate (16) . In the bile duct ligation (BDL) rat model of cholestasis, there is a general suppression of HPA axis responsiveness to stress (8) as well as a defective CRH-mediated response (7) . Furthermore, suppression of the HPA axis contributes to cholangiocyte proliferation observed after BDL and strategies to restore HPA axis function, such as the central administration of recombinant CRH, attenuated BDLinduced cholangiocyte proliferation (6) . However, the mechanisms by which cholestatic liver injury leads to a suppression of the HPA axis are poorly understood.
Bile acids are synthesized in the liver from cholesterol and can be conjugated, mainly to glycine or taurine, before being released into the bile to aid in digestion. Conjugated bile acids, which carry a negative charge at physiological pH, require carrier-mediated transport to cross membranes (17) . The uptake of bile acids can occur via one of a number of transporters, including the apical sodium-dependent bile acid transporter (ASBT) (18) . Once bile acids gain entry into the cell they exert their effects through a number of nuclear receptors, including farnesoid X receptor (19) , pregnane X receptor (20) , vitamin D receptor (20) , and, in certain conditions, the GR (21) . Under normal physiological conditions, 95% of the bile acid pool is reabsorbed from the intestine and transported to the liver, which constitutes an inhibitory feedback control on bile acid synthesis. In humans, approximately 90% of the bile acid pool is in the conjugated form, and taurocholic acid (TCA) and glycochenodeoxycholic acid (GCDA) are 2 of the major bile salts in bile (22) .
During liver damage there is increased accumulation of bile acids in the liver and a spillover of bile acids into systemic circulation. These elevated serum bile acid levels have been associated with hepatotoxicity (23, 24) , hepatic fibrosis (25) , pruritus (26) , cardiomyopathy (27) , and vasodilation (28) . We have previously demonstrated that increased serum bile acids gain entry to the brain via a leaky blood brain barrier (29) . However, the role of bile acids in the neurological changes associated with liver damage is unknown. Therefore, the aim of the current study was to assess the role of bile acids in the suppression of the HPA axis observed during cholestasis.
Materials and Methods

Materials
Unless otherwise indicated, all chemicals were purchased from Sigma-Aldrich and were of the highest grade available. The fluorescent bile acid derivative, cholyl-lysyl-fluorescein (CLF) was purchased from BD Biosciences. The antibody against ASBT was a kind gift from Dr Paul Dawson (Wake Forest University Health Sciences, Winston Salem, NC) (30) . NeuN antibodies were ordered from Millipore. GR and H3 histone antibodies were purchased from Santa Cruz Biotechnology, Inc. All primers and ASBT short hairpin RNA (shRNA) plasmids used in this study were purchased from SABiosciences. The ASBT VivoMorpholino (5Ј-GAACAGACGGAGGAGTTATCCATCA), the ASBT mismatched control sequence (5Ј-GAAgAGACc GAGcAGTTATgCATgA), the GR Vivo-Morpholino (5Ј-GGA TTCTTTGGAGTCCATTGGCAAA), and the GR mismatched control sequence (5Ј-GGATTgTTTcGAcTCgATTcGCAAA) were purchased from Gene Tools, LLC. The enzyme immunoassay (EIA) kit for detecting CRH in mouse cell lines was obtained from Phoenix Pharmaceuticals. The EIA for measuring CRH in rat serum was obtained from Cederlane Laboratories. The Corticosterone EIA kit was purchased from Cayman Chemical. The Mouse total bile acid kit was purchased from Crystal Chem, Inc. GR competition assays were performed using the PolarScreen Glucocorticoid Receptor Competitor Assay kit, Green, purchased from Life Technologies.
Animal treatment
Male Sprague Dawley rats (150 -175 g) were purchased from Charles River and maintained in a temperature-controlled environment (20°C-22°C) with a 12-hour light, 12-hour dark cycle. Unless otherwise indicated, animals had free access to drinking water and standard rat chow. All animal experiments were performed in accordance with the guidelines of the Baylor Scott & White Health Institutional Animal Care and Use committee. Rats were fed a diet containing 2% cholestyramine or the control diet AIN-93G (Dyets, Inc) for 3 days before either BDL or sham surgeries. Tissue and serum were collected 3 days after surgery between the hours of 8 and 9 AM to minimize the circadian variations in glucocorticoid levels (6, 31) . In a separate press.endocrine.org/journal/mendexperiment, rats were injected with 20 pmol of the bile acids cholic acid (CA), deoxycholic acid (DCA), chenodeoxycholic acid (CDCA), GCDA, or TCA in the third ventricle (0 mm medial/lateral, Ϫ1.8 mm anterior/posterior, ϩ4.5 mm dorsal/ ventral from bregma) and serum and tissue were collected 6 hours later. In parallel, rats were infused with 1 mg/kg ⅐ d of Vivo-Morpholino sequences into the lateral ventricle at the coordinates (Ϫ1.3 mm medial/lateral, Ϫ0.2 mm anterior/posterior, ϩ3.5 mm dorsal/ventral from bregma) using the brain infusion kits coupled to subcutaneous implanted minipumps (Alzet) for 3 days before the single GCDA or TCA injection following the method described above. The degree by which the target gene expression was suppressed by Vivo-Morpholino infusion was evaluated by immunofluorescence and immunoblotting as previously described (6, 32, 33) .
Cell culture
The mouse hypothalamic cell line MhypoA-21 was purchased from Cedarlane and cultured per the vendor's instructions. The cell line was validated before experimentation by assessing the expression of key hypothalamic neuropeptides and correlating this with the information provided by the vendor. To suppress ASBT expression in hypothalamic neurons, MhypoA-21 cells were transfected with an ASBT shRNA expression vector (Mhypo-ASBT shRNA) conferring resistance to puromycin following the methodology described previously (34) . ASBT expression was then assessed in the resulting cell line or the mock-transfected control cell line (Mhypo-puro neg) by real-time PCR, immunofluorescence, and flow cytometry using methodology described previously (32, 35) .
Assessment of bile acids, CRH, and corticosterone by EIA in the serum and brain
At the time of terminal tissue collection, rats were anesthetized, blood samples were collected, and then rats were transcardially perfused with ice-cold saline to remove the blood from the brain. Total bile acid content, CRH or corticosterone levels were assessed by EIA in the serum or in hypothalamus tissue homogenates following the manufacturer's instructions. In parallel, hypothalamic cell lines were Figure 1 . Cholestyramine feeding reduces bile acid concentrations and CRH expression in the hypothalamus. A, Relative total bile acid concentrations in the serum of rats that were fed a control diet or a cholestyramine-supplemented diet. Data are average Ϯ SEM (n ϭ 6); *, P Ͻ .05 compared with control diet. B, Relative total hypothalamic bile acid concentrations in sham-or BDL-operated rats that had consumed a control diet or a cholestyramine-supplemented diet. Data are average Ϯ SEM (n ϭ 6); *, P Ͻ .05 compared with sham-operated rats fed a control diet. C, CRH mRNA expression in the hypothalamus of rats with sham or BDL surgery that had been fed a control diet or a cholestryamrine-supplemented diet. Data are average Ϯ SEM (n ϭ 6); *, P Ͻ .05 compared with sham-operated rats fed a control diet; **, P Ͻ .05 compared with shamoperated rats fed a cholestyramine diet. D, CRH concentrations in the serum of rats that had been fed a control diet or a cholestyraminesupplemented diet after sham or BDL surgery (n.d., not detected). Data are average Ϯ SEM (n ϭ 6); *, P Ͻ .05 compared with sham-operated rats fed a control diet; **, P Ͻ .05 compared with BDL-operated rats fed a control diet. treated with 10M of various bile acids in the presence or absence of 100nM of the GR antagonist 11␤-(4-Dimethylamino)phenyl-17␤-hydroxy-17-(1-propynyl)estra-4,9-dien-3-one (RU486) for 2 hours; CRH mRNA expression from these cell lines was assessed by real-time PCR (6, (33) (34) (35) . To assess protein secretion from these cell lines, cells were treated with the above-mentioned reagents in phenol redfree, serum-free DMEM media for 24 hours. Conditioned media were collected, and supernatants were concentrated using Centriprep centrifugation tubes with a 10-kDa pore size (Millipore). CRH secretion was assessed in the concentrated conditioned media by EIA.
Immunofluorescence
ASBT immunoreactivity (red) was assessed in the hypothalamus of normal and BDL rats and in MhypoA-21 cells by immunofluorescence using antibodies against the neuron marker, NeuN (green) as a costain using methods described previously (33) . Tissue and cells were counterstained with the nuclear dye 4Ј,6-diamidino-2-phenylindole (DAPI) (blue). Negative controls were stained using preimmune serum in the place of the primary antibody. Images were taken using a Leica TCS SP5-X inverted confocal microscope (Leica Microsystems).
Bile acid uptake assay
Rat hypothalamic cell lines were plated onto coverslips and allowed to adhere overnight. Cells were then treated with the bile acid derivative CLF (5 g/mL), and after 4 hours, coverslips were washed in cold PBS and fixed in 4% paraformaldehyde (wt/vol). Cells were counterstained with DAPI, and the amount of intracellular fluorescence was visualized using a Leica TCS SP5-X inverted confocal microscope.
GR competitor assay
Bile acids at concentrations of 1nM-1mM were incubated in the presence of native GR protein and a fluorescently tagged GR ligand according to the manufacturer's instructions (Life Technologies). Bile acids able to competitively bind to the GR protein prevented the formation of the fluorescent ligand/GR complex, resulting in lower fluorescence polarization values, which were assayed on a Molecular Devices SpectraMax M5e spectrophotometer.
GR luciferase assay
In addition, the GR transcriptional activity was assessed in hypothalamic neurons using a luciferase reporter construct coupled to a promoter region containing the glucocorticoid response element (GRE) consensus sequence (Panomics) following procedures described previously (36) . Neurons were plated onto 96-well plates at a density of 10 000 cells/well and allowed to adhere overnight. Cells were then transfected with the GREluciferase reporter construct (0.1-g DNA/well) with 0.28 L of TransIT-LT1 transfection reagent (Mirus) overnight at 37°C. After this time, the cells were stimulated with GCDA or TCA (10M) and were assayed for luciferase activity using the luciferase assay kit (Promega) 24 hours after stimulation. Treatments were done at least in quadruplicate, and results are expressed as the degree of change of luciferase activity per microgram of protein.
GR nuclear translocation
The nuclear translocation of GR was assessed by subcellular fractionation followed by immunoblotting as described previously, or by immunofluorescence as described above. Briefly, MhypoA-21 cells treated for 4 hours with the indicated bile acids (10M), and the GR nuclear translocation was followed using a specific GR antibody (Santa Cruz Biotechnology, Inc). For the subcellular fractionation experiments, the purity of the fractions was evaluated using ␤-actin or H3 histone as a cytoplasmic marker or nuclear marker, respectively.
Results
We have previously demonstrated that total bile acid content is increased in both the serum and brain tissue in rats after BDL (29) . To assess whether bile acids in the hypothalamus may be responsible for the suppression of the HPA axis observed after BDL (6), rats were fed a diet enriched in the bile acid sequestrant cholestyramine, press.endocrine.org/journal/mendwhich reduced serum bile acid concentrations to approximately 16% of the control fed mice (or from 29.44 Ϯ 1.98M to 4.89 Ϯ 6.28M) ( Figure 1A ). The total bile acid content in the hypothalamus was increased after BDL surgery compared with sham surgery, which was attenuated by treatment with cholestyramine ( Figure 1B) . Once again, similar to our previous data (6), CRH mRNA expression in the hypothalamus was reduced after BDL surgery compared with sham however, cholestyramine feeding reversed the suppressive effects of BDL surgery on hypothalamic CRH mRNA expression ( Figure 1C ). Similarly, the CRH protein levels in the serum were reduced to below the detectable limits of the assay after BDL surgery, which was partially attenuated with cholestyramine feeding ( Figure 1D ). To determine whether bile acids are able to directly regulate hypothalamic CRH expression, cultured hypothalamic cells were treated with various bile acids and CRH content within the cells and supernatants were assessed. All bile acids studied suppressed the cellular content of CRH protein (Figure 2A ) with a modest decrease in mRNA expression (data not shown). Furthermore, the bile acids studied decreased the release of CRH into the supernatant ( Figure 2B ). We then assessed whether direct injection of these selected bile acids into the ventricle of the brain could also suppress the HPA axis in vivo. The suppressive effects of bile acids on the HPA axis were restricted to the conjugated bile acids TCA and GCDA, whereas the unconjugated bile acids CA, DCA, and CDCA had no significant effect on circulating corticosterone levels 6 hours after injection ( Figure 3A) . In parallel, hypothalamic CRH mRNA expression and circulating CRH protein levels were decreased by TCA and GCDA injection ( Figure 3 , B and C), whereas the bile acids CA, DCA, and CDCA had no significant effect (data not shown).
In order for bile acids to exert their effects inside the cell, they need to be transported. The bile acid transporter ASBT (shown in red) is expressed in the hypothalamus and is associated with both cell bodies and cellular processes. The cell body staining colocalizes with the neuron marker NeuN (shown in green; Figure 4A ) and is increased after BDL surgery. Furthermore, ASBT is expressed in our hypothalamic cell line ( Figure  4A ). To assess the involvement of ASBT in the uptake and signaling of bile acids, we established stable-transfected cell lines with an ASBT shRNA plasmid (Mhypo-ASBT shRNA) or an empty vector backbone control (Mhypopuro neg). The expression of ASBT mRNA was suppressed to approximately 50% in the Mhypo-ASBT shRNA cell line compared with the Mhypo-puro neg control ( Figure 4B) . Similarly, analysis of ASBT protein expression by flow cytometry indicated that ASBT expression was down-regulated from 30% to 50% of the parental cell line (data not shown). In addition, ASBT immunoreactivity was dramatically reduced in the Mhypo-ASBT shRNA cell line ( Figure 4B ). The ability for these hypothalamic cells to take up bile acids was assessed using CLF. This fluorescent bile acid derivative is transported with the same kinetics as endogenous bile acids (37, 38) . Control hypothalamic cells treated with CLF exhibited intracellular fluorescence that was absent in cells treated with saline ( Figure 4C ), indicating the ability of these cells to uptake bile acids. The intracellular fluorescence of CLF was reduced in the Mhypo-ASBT shRNA . Intracerebroventricular (ICV) injection of TCA and GCDA into normal rats suppresses the HPA axis. Rats were treated with a single injection of the bile acids CA, DCA, CDCA, TCA, and GCDA (20 pmol) into the third ventricle. After 6 hours, serum corticosterone levels were assessed by EIA (A), relative CRH mRNA expression in the hypothalamus of TCA or GCDA-treated rats was assessed by real-time PCR (B), and serum concentrations of CRH were assessed in TCA or GCDA-treated rats by EIA (C). *, P Ͻ .05 compared with vehicle (n ϭ 4).
cell line, suggesting that bile acids require ASBT for internalization. Treatment of the control Mhypo-puro neg cells with the bile acids TCA and GCDA suppressed CRH mRNA expression, whereas this effect was absent in the mHypo-ASBT shRNA cell line ( Figure 4D ). Furthermore, the CRH protein content in the supernatants from Mhypo-puro neg cell lines were decreased after GCDA and TCA treatment, an effect that was once again absent in the mHypo-ASBT cell line ( Figure 4E ). Taken together, these data suggest that the bile acidinduced down-regulation of CRH expression may be dependent upon ASBT.
To assess whether the in vivo effect of bile acids was also dependent upon ASBT, we injected an ASBT VivoMorpholino or mismatched control sequence into the third ventricle. This significantly suppressed the translation of ASBT protein in the hypothalamic neurons as demonstrated by immunofluorescence ( Figure 5A ). Direct injection of GCDA into the third ventricle significantly suppressed the hypothalamic CRH mRNA expression, ( Figure 5B) protein content ( Figure 5C ) and circulating corticosterone levels ( Figure 5D ), an effect that was attenuated or reversed by ASBT Vivo-Morpholino injection.
An interaction between bile acids and the GR has previously been suggested (21) , given that the activation of the GR by glucocorticoids in hypothalamic neurons is a well-characterized negative feedback mechanism that controls the HPA axis (5) . Therefore, we assessed the involvement of the GR in the suppressive effects of TCA and GCDA on the HPA axis. Once activated, the GR is translocated into the nucleus. Nuclear and cytoplasmic fractions were prepared from the hypothalamus of sham and BDL rats. GR protein expression was assessed by immunoblotting and was shown to decrease in the cytoplasmic fraction and increase in the nuclear fraction after press.endocrine.org/journal/mendBDL compared with sham, indicating GR nuclear translocation after BDL surgery ( Figure 6A ). In a cell-free competitive binding assay, treatment with the bile acids TCA and GCDA was able to significantly reduce the reporter ligand binding to the GR from 10nM through to 1mM ( Figure 6B ). Furthermore, treatment of hypothalamic cells with TCA and GCDA resulted in an increase in GRspecific luciferase activity ( Figure 6C ) and the nuclear translocation of GR immunoreactivity from the cytoplasm to the nucleus, an effect that was not evident in the Mhypo-ASBT shRNA cell line ( Figure 6D ). Lastly, pretreatment of hypothalamic neurons with the GR antagonist RU486 prevented the bile acid-induced down-regulation of CRH expression ( Figure 6E ). Taken together, these data suggest that TCA and GCDA are able to weakly bind and cause nuclear translocation of the GR and that blocking GR activity prevented the effects of TCA and GCDA on CRH expression in vitro. We then assessed whether the ability of bile acids to activate GR is also relevant in vivo. Rats were injected with GR Vivo-Morpholino (or mismatched control sequence) into the lateral ventricle, and the resulting expression of GR in the hypothalamus was assessed by immunofluorescence. As expected, GR immunoreactivity was significantly suppressed after central GR Vivo-Morpholino injection compared with the mismatched control as assessed by immunofluorescence ( Figure 7A ) and immunoblotting ( Figure 7B ). Furthermore, subsequent injection of GCDA into the third ventricle significantly suppressed the CRH mRNA expression (Figure 7C ), protein content ( Figure 7D ), and circulating corticosterone levels ( Figure 7E ), an effect that was attenuated after GR VivoMorpholino injection. 
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Discussion
The major findings of this study pertain to the effects of bile acids on the hypothalamus during the course of cholestatic liver injury. A suppression of the HPA axis has previously been demonstrated in models of cholestatic liver injury; the data presented here focus on the mechanism of this suppression. Specifically, we demonstrate that the bile acids TCA and GCDA, the major bile acids in humans, are able to modulate the HPA axis by gaining entry into hypothalamic neurons through ASBT, binding to and activating the GR and suppressing the expression of the HPA axis modulator CRH. This study identifies bile acids act as HPA axis regulators in the hypothalamus.
We have previously demonstrated that the HPA axis is suppressed at every level during the course of cholestasis and that this suppression contributes to biliary proliferation (6) . CRH expression was decreased in the hypothalamus, which in turn had an inhibitory effect on ACTH expression in the pituitary, leading to decreased expression of the key steroidogenic enzymes cytochrome p450 11b1 and hydroxysteroid dehydrogenase-3␤ in the adrenal glands, resulting in decreased circulating glucocorticoids (6) . These findings have also been supported by other studies in rodent models of cholestasis (7, 8, 39, 40) . As stated above, the link between cholestasis and the HPA axis has been demonstrated clinically, with cholestatic patients often exhibiting clinical features suggestive of adrenal insufficiency such as hypovolemia, hypotension, and renal failure (9, 10) . Furthermore, patients with congenital hypopituitarism or glucocorticoid deficiency often exhibit cholestatic hepatitis (11) (12) (13) . In cirrhosis, adrenal insufficiency is associated with increased mortality and hemodynamic impairment (14, 15) . Treatment with low doses of hydrocortisone to cirrhotic patients resolves the hemodynamic impairment and is associated with a higher survival rate (16) .
Because we demonstrated that the HPA axis was suppressed at the level of the hypothalamus, we focused our attention to this brain region as the predominant controller of the HPA axis in our model of cholestatic Figure 6 . Nuclear translocation and transcriptional activity of GR can be induced via GCDA and TCA. A, Representative GR immunoblots in cytoplasm and nuclear fractions from sham-and BDL-operated rat hypothalamus. H3 histone is used as a maker for the nuclear fraction, whereas ␤-actin is used as a marker for the cytoplasmic fraction. B, GR competitor activity assay fluorescence polarization using TCA or GCDA in the indicated doses. Values underneath the dashed line indicate receptor binding and subsequent reduction of GR activity. C, GR transcriptional activity was assessed in hypothalamic neurons following transfection with a GRE-driven luciferase reporter construct. Cells were treated with 10M of the bile acids TCA or GCDA, and relative luciferase activity was assessed and expressed as relative luminescent units per microgram of protein. *, P Ͻ .05 compared with basal treatment (n ϭ 7). D, GR immunoreactivity (red) was assessed in Mhypo-puro neg and Mhypo-ASBT shRNA cell lines treated with 10M of the bile acids TCA or GCDA with DAPI (blue) used as a nuclear marker. Scale bar, 25 m. E, Relative CRH mRNA expression in MhypoA-21 cells cotreated with the GR antagonist RU486 (100nM) and the bile acids GCDA or TCA (10M) or appropriate controls. *, P Ͻ .05 compared with control-treated samples; **, P Ͻ .05 compared with RU486-treated samples. doi: 10.1210/me.2015-1087 press.endocrine.org/journal/mendliver injury. A negative feedback loop regulating the HPA axis exists, in which activation of the GR in the hypothalamus leads to the inhibition of the CRH response in 2 phases. The first phase, or fast response, occurs when GR activation inhibits the release of CRH from the hypothalamus, whereas the delayed response involves the inhibition of CRH synthesis and expression (5) . We have previously demonstrated that both the expression and release of CRH from the hypothalamus is impaired after BDL (6) and the data presented clearly demonstrate that the bile acids TCA and GCDA may also suppress both the release and synthesis of CRH in vitro and in vivo.
In order for bile acids to modulate the HPA axis at the level of the hypothalamus, they must first be able to cross the blood brain barrier and gain entry to the brain. We have previously demonstrated that there is increased blood brain barrier permeability in the BDL model of cholestasis and that this leakiness allows for an increased influx of radiolabeled TCA to the hypothalamic region (29) . We have also previously demonstrated that increased bile acids can be found in other models of liver damage, specifically in a model of drug-induced acute liver failure (41) .
Most signaling effects of bile acids are exerted from within the cell. Therefore, once bile acids have gained access to the brain, they must either diffuse or be transported across the cell membrane. Here, we demonstrate that it is predominantly the conjugated bile acids studied that had an effect on CRH expression in vivo. Bile acids can be transported into a cell by the bile acid transporter ASBT, among others (17) . Here, we demonstrate the novel finding that ASBT expression in the brain appears to be localized to very discrete neurons in the hypothalamus. These areas are responsible for the production and secretion of many neuroendocrine peptides such as CRH and neuropeptide Y (42) . Furthermore, we demonstrated that suppressing ASBT expression in vitro and in vivo attenuated the effects of TCA and GCDA on CRH expression and release in the hypothalamus. ␤-Actin was used as a loading control. C, Relative CRH mRNA expression was assessed in the hypothalamus of rats infused with GR Vivo-Morpholino or GR mismatched sequences and subsequently injected ICV with 20 pmol of GCDA (gray bars) or control (black bars). D, Relative fold change of CRH protein expression in the serum of rats ICV infused with GR Vivo-Morpholino or GR mismatched sequences and subsequently injected ICV with the bile acid GCDA (gray bars) or control (black bars). E, Corticosterone concentrations in the serum of rats infused with GR Vivo-Morpholino or GR mismatched sequences and subsequently injected with GCDA or control ICV. Where appropriate, *, P Ͻ .05 compared with vehicle-injected rats; **, P Ͻ .05 compared with GR mismatched infused rats (n ϭ 6).
Once inside the cell, bile acids have been shown to exert their effects predominantly via the interaction with nuclear receptors such as the farnesoid X receptor (19) , pregnane X receptor (20) , and vitamin D receptor (20) . Recently, the bile acid, ursodeoxycholic acid has been shown to activate the GR, although the binding efficiency of other bile acids has not yet been studied (21) . Here, we present data indicating that TCA and GCDA may also bind to and weakly activate the GR.
To our knowledge, these data represent the first demonstration of a role for bile acids in the central regulation of the HPA axis. Furthermore, the machinery to uptake and respond to bile acids are expressed in nuclei of the hypothalamus. Taken together with previous studies, our data support the hypothesis that during cholestatic liver injury, bile acids are gaining entry into the brain, at least in part through a leaky blood brain barrier, are transported into neurons through ASBT and can activate the GR to bring about a suppression of the HPA axis. These data also lend themselves to the broader hypothesis that bile acids may be capable of acting as central modulators of hypothalamic peptides that may be altered during the course of liver diseases.
